Mitochondria constantly divide and combine through fission and fusion activities. MARCH5, a mitochondrial E3 ubiquitin ligase, has been identified as a molecule that binds mitochondrial fission 1 protein (hFis1), dynamin-related protein 1 (Drp1) and mitofusin 2 (Mfn2), key proteins in the control of mitochondrial fission and fusion. However, how these interactions control mitochondrial dynamics, and cellular function has remained obscure. Here, we show that shRNA-mediated MARCH5 knockdown promoted the accumulation of highly interconnected and elongated mitochondria. Cells transfected with MARCH5 shRNA or a MARCH5 RING domain mutant displayed cellular enlargement and flattening accompanied by increased senescence-associated b-galactosidase (SA-b-Gal) activity, indicating that these cells had undergone cellular senescence. Notably, a significant increase in Mfn1 level, but not Mfn2, Drp1 or hFis1 levels, was observed in MARCH5-depleted cells, indicating that Mfn1 is a major ubiquitylation substrate. Introduction of Mfn1 T109A , a GTPase-deficient mutant form of Mfn1, into MARCH5-RNAi cells not only disrupted mitochondrial elongation, but also abolished the increase in SA-b-Gal activity. Moreover, the aberrant mitochondrial phenotypes in MARCH5-RNAi cells were reversed by ectopic expression of Drp1, but not by hFis1, and reversion of the mitochondria morphology in MARCH5-depleted cells was accompanied by a reduction in SA-b-Gal activity. Collectively, our data indicate that the lack of MARCH5 results in mitochondrial elongation, which promotes cellular senescence by blocking Drp1 activity and/or promoting accumulation of Mfn1 at the mitochondria.
Introduction
In most mammalian cell types, mitochondria form a highly dynamic reticular network that is controlled by a balance between mitochondrial fusion and fission events (Chan, 2006; Mozdy and Shaw, 2003) . Several key molecules that control mitochondrial dynamics have been identified in mammals. The large GTPases mitofusin 1 and mitofusin 2 (Mfn1, Mfn2) are localized at the mitochondrial outer membrane and promote mitochondrial fusion (Chen et al., 2003; Ishihara et al., 2004; Santel and Fuller, 2001) . Another dynamin-related GTPase, OPA1 (optic atrophy type 1), localized at the mitochondrial intermembrane space, cooperates with Mfn1 and Mfn2 during fusion events (Cipolat et al., 2004) . For fission, mammalian cells require another GTPase, dynamin-related protein (Drp1), which interacts with the mitochondrial outermembrane-anchored fission protein hFis1 . Most Drp1 is distributed throughout the cytoplasm; only a portion of cytosolic Drp1 is recruited to the mitochondria and interacts with hFis1 at the scission site (Yoon et al., 2003) .
An imbalance between mitochondrial fission and fusion affects cellular physiology and has been directly linked to human diseases (Chen et al., 2007) . Mutations in OPA1 and Mfn2 cause the neuronal diseases dominant optic atrophy type I and Charcot-Marie-Tooth neuropathy type 2a, respectively (Alexander et al., 2000; Delettre et al., 2000; Kijima et al., 2005; Zuchner et al., 2004) . In addition, fission defects resulting from a Drp1 mutation result in severe abnormal brain development and can be lethal (Waterham et al., 2007) . Apoptotic processes are closely related to mitochondrial morphology control. Two pro-apoptotic regulators, Bax and Bak, can interact with the mitochondrial fission and fusion modulators Drp1 and mitofusins 1 and 2 (Brooks et al., 2007; Karbowski et al., 2002; Karbowski et al., 2006) . Cells with fragmented mitochondria induced by knockdown of Mfn1 and/or Mfn2 or OPA1 are more vulnerable to apoptotic stimuli, whereas cells in which elongated mitochondria are maintained are resistant to extrinsic apoptotic damage (Lee et al., 2004; Yu et al., 2005) . Interestingly, giant mitochondria found in aged cells and organisms are associated with reduced hFis1 expression (Yoon et al., 2006) , and maintenance of elongated mitochondria by knockdown of hFis1 expression actively induced cellular senescence (Lee et al., 2007) . Thus, one of the key questions in mitochondrial dynamics is how expression of mitochondrial fission and/or fusion molecules is controlled under different physiological or pathophysiological conditions. Mitochondrial E3 ubiquitin ligases are involved in regulating mitochondrial dynamics (Karbowski et al., 2007; Nakamura et al., 2006; Yonashiro et al., 2006) . Rsp5p was first identified as an ubiquitin ligase in Saccharomyces cerevisiae. Mutations in Rsp5p cause defects in mitochondrial morphology and distribution, demonstrating an essential role for this protein in mitochondrial Loss of MARCH5 mitochondrial E3 ubiquitin ligase induces cellular senescence through dynamin-related protein 1 and mitofusin 1 620 inheritance (Fisk and Yaffe, 1999) . Fzo1 (S. cerevisiae mitofusin) is degraded by the proteosome following exposure to mating stimuli (Neutzner and Youle, 2005) , and the F-box protein Mdm30 has been shown to be responsible for Fzo1 degradation (Cohen et al., 2008; Ota et al., 2008) . A mitochondrial E3 ubiquitin ligase, membraneassociated RING-CH5 (MARCH5, also known as MITOL), has been discovered in mammals. MARCH5 localizes to the mitochondrial outer membrane and contains a RING-finger domain that is essential for ubiquitin transfer activity (Karbowski et al., 2007; Nakamura et al., 2006; Yonashiro et al., 2006) . Interestingly, MARCH5 was reported to bind hFis1, Drp1 and Mfn2, and is responsible, in part, for ubiquitylation of these binding partners (Nakamura et al., 2006; Yonashiro et al., 2006) . Earlier studies showed that the loss of MARCH5 enhanced mitochondria division, resulting in fragmented mitochondria (Nakamura et al., 2006; Yonashiro et al., 2006) . By contrast, more recent data have shown that the functional loss of MARCH5 induced abnormal elongation and interconnection of mitochondria (Karbowski et al., 2007) .
In this study, we attempted to clarify the ultimate consequence of MARCH5 loss on mitochondrial dynamics using a senescence model in which induction of elongated mitochondria, either by blocking mitochondrial fission or enhancing mitochondrial fusion, induces premature cellular senescence (Lee et al., 2007) . Our results reveal that MARCH5-deficient cells undergo senescence in association with cellular changes that include abnormally elongated reticular mitochondria, indicating that a major role of MARCH5 in vivo is to facilitate mitochondrial division.
Results

Knockdown of MARCH5 results in elongated mitochondria and cellular senescence
MARCH5 was shown to interact with mitochondrial fission and fusion regulators, but the ultimate consequence of a lack of MARCH5 function has remained obscure (Karbowski et al., 2007; Nakamura et al., 2006; Yonashiro et al., 2006) . We have recently reported that mitochondrial elongation is closely associated with the development of cellular senescence (Lee et al., 2007) . Here, we hypothesized that if a lack of MARCH5 induces mitochondrial elongation, then the cells will undergo cellular senescence. We therefore depleted endogenous MARCH5 expression in HeLa and Chang cells by RNA interference (RNAi) using a short hairpin RNA (shRNA) insert targeting for endogenous MARCH5 mRNA. After transfections, cells were initially selected with 200 mg/ml hygromycin B and maintained in the presence of 30 mg/ml of hygromycin B (designated as day 0). Cells transfected with control shRNA retained the normal tubular spiral mitochondrial network (Fig. 1A , left panel) with relatively uniform thickness throughout the cytoplasm. By contrast, the mitochondria in cells expressing MARCH5 shRNA frequently exhibited a highly interconnected, even entangled, form with uneven thickness and a patchy subcellular distribution (Fig. 1A , right panel, and supplementary material Fig.  S1 ) similar to those reported by Karbowski and colleagues (Karbowski et al., 2007) . Approximately 60% of MARCH5 knockdown cells had such a highly interconnected mitochondrial structure, and the remaining cells showed a normal tubular mitochondrial structure, similar to that of control cells (Fig. 1C) . We confirmed that knockdown of MARCH5 using the shRNA system was effective, showing that MARCH5 protein expression remained low even on day 5 (Fig. 1B) .
Over time, MARCH5-depleted cells became flattened and exhibited an enlarged cellular morphology ( Fig. 2A ) reminiscent of hFis1-depleted cells (Lee et al., 2007) , suggesting that depletion of MARCH5 triggers cellular senescence. In fact, several senescence markers were apparently altered. A flow cytometric analysis showed that the 90° side-light scatter (90° LS) values, indicative of cellular granularity (Campisi, 2000) , were higher by about twofold in the MARCH5-knockdown cells than in control cells on day 4 (P<0.01, Student's t-test; Fig. 2B ). Likewise, the positive senescenceassociated-b-galactosidase (SA-b-Gal) activity was apparent in flattened and enlarged cells lacking MARCH5 (Fig. 2C) and showed a threefold increase on day 4 (P<0.01, Student's t-test; . Consistent with this, other senescence-associated mitochondrial changes were accompanied in MARCH5-knockdown cells. Specifically, mitochondrial mass was increased and intracellular reactive oxygen species (ROS) levels were increased in MARCH5-depleted cells, together with a reduction in mitochondrial membrane potential (DYm) (Fig. 2E-G) . Notably, mitochondrial DNA content and ATP levels were also reduced in these cells although reduction rates seemed to be less severe than those of hFis1-depleted cells (supplementary material Fig. S2A,B) . Similarly, cell proliferation rate was retarded in MARCH5-depleted cells (supplementary material Fig. S2C ). Collectively, these findings indicate that an imbalance between mitochondrial fission and fusion activities induced by MARCH5 knockdown results in mitochondrial elongation, which in turn triggers cellular senescence.
Expression of a RING-domain mutant of MARCH5 increases positive SA-b-Gal staining
To determine whether the observed senescence-associated phenotypic changes in MARCH5-RNAi cells were the result of loss of MARCH5 function, we used the RING-domain mutant of MARCH5, MARCH5
H43W
, in which ubiquitin transfer activity is predicted to be blocked due to replacement of the histidine residue in the Zn 2+ -binding domain with tryptophan (Karbowski et al., 2007) . Cells were transfected with YFP control vector, YFPconjugated wild-type MARCH5 or the MARCH5 H43W mutant and, after 48 hours, the changes in mitochondrial morphology and their potential correlation to senescent phenotypic changes were assessed. The levels of protein expression in cells transfected with wild-type and mutant MARCH5 constructs were comparable (Fig. 3C ). To monitor senescent phenotypic changes, we stained for SA-b-Gal. Of several available senescence markers, SA-b-Gal activity is the most widely used and is considered a reliable biochemical marker for senescence-associated phenotypic changes (Itahana et al., 2007; Patil et al., 2005) . In green fluorescent cells expressing YFPconjugated wild-type MARCH5 (MARCH5-YFP), mitochondrial morphology was indistinguishable from that in YFP control vectortransfected cells and neighboring untransfected cells (Fig. 3A) , indicating that ectopic expression of wild-type MARCH5 did not significantly affect mitochondrial dynamics. Both YFP-tagged MARCH5 and Myc-tagged MARCH5 yielded similar results (data not shown), indicating that the YFP-tag does not interfere with the function of MARCH5. Overexpression of the MARCH5 H43W mutant (MARCH5 H43W -YFP), however, altered mitochondrial morphology: mitochondrial length was notably extended and mitochondria became increasingly entangled (Fig. 3A) , effects that were similar to those observed in MARCH5-RNAi cells ( Fig. 1  and supplementary material Fig. S1 ). Notably, dose-dependent increases in SA-b-Gal positivity were observed in cells transfected with MARCH5
H43W but not in cells transfected with wild-type MARCH5 (**P<0.01, ***P<0.001 Student's t-test; Fig. 3B ). Thus, these data clearly demonstrate that the loss of MARCH5 function induced mitochondrial elongation that in turn triggered senescenceassociated phenotypic changes.
Next, we confirmed that the observed senescence-associated phenotypic changes in MARCH5-depleted cells reflected functional changes in MARCH5 ubiquitin ligase activity. To accomplish this, we reintroduced MARCH5-R-YFP or MARCH5
H43W -R-YFP, resistant against MARCH5 shRNA-dependent degradation, into the cells transfected with MARCH5 shRNA and evaluated SA-b-Gal positivity 48 hours later. We found that reintroduction of MARCH5-R-YFP into MARCH5 RNAi cells restored MARCH5 expression (Fig. 4B) and caused a reduction of about 50% in SA-b-Gal staining (Fig. 4A) . By contrast, introduction of MARCH5 H43W -R-YFP into the MARCH5 RNAi cells did not affect SA-b-Gal staining (P<0.001, Student's t-test; Fig. 4A ), indicating that senescenceassociated phenotypic changes in MARCH5-depleted cells are due to the loss of MARCH5 ubiquitin ligase activity. Using confocal microscopy, we confirmed the changes in mitochondrial morphology. MARCH5-RNAi cells coexpressing the control YFP vector exhibited highly interconnected mitochondria (Fig. 4C , upper panel). However, in cells expressing MARCH5-R-YFP, the mitochondria were less interconnected, and fragmented mitochondria were observed at the periphery of the cell (Fig. 4C , middle panel). By contrast, cells expressing MARCH5 H43W -R-YFP showed a mitochondrial morphology similar to that in neighboring MARCH5-depleted cells and there was no apparent increase in fragmented mitochondria (Fig. 4C, lower panel) . Taken together, these data indicate that the loss of MARCH5 ubiquitin ligase activity induces abnormal mitochondrial elongation and senescenceassociated phenotypic changes.
Mfn1 is a major ubiquitylation substrate of MARCH5
Because MARCH5 was shown to bind hFis1, Drp1 and Mfn2, we speculated that steady-state levels of its binding partners might be changed by MARCH5 depletion. Cell lysates were prepared from HeLa cells after switching to reduced concentrations of hygromycin B (days 1-4). Immunoblotting analysis showed a marked reduction in MARCH5 protein expression in MARCH5-shRNA cells (Fig.  5A) . We observed that hFis1, Drp1 and Mfn2 levels were unchanged in MARCH5-depleted cells. Remarkably, however, Mfn1 levels were markedly increased in MARCH5-depleted cells, and densitometry analysis revealed an approximately threefold increase in Mfn1 levels. To confirm the effect of MARCH5 on Mfn1 levels, we introduced MARCH5 and the MARCH5 H43W mutant into HeLa cells and determined Mfn1 levels. MARCH5, but not MARCH5
H43W lacking an E3 ligase activity, reduced the expression level of Mfn1, and the MARCH5-mediated degradation of Mfn1 was blocked in the presence of MG132, a proteasome inhibitor (Fig.  5B) . Furthermore, using co-immunoprecipitation experiments, we found that MARCH5 interacts with Mfn1 (Fig. 5C) . Thus, the data indicate that Mfn1 is a major ubiquitylation substrate of MARCH5.
If increased Mfn1 levels contribute to mitochondrial elongation and cellular senescence, abrogation of Mfn1 activity should prevent cellular senescence. To test this, we overexpressed Mfn1 (Fig. 6A and supplementary material Fig. S3 ).
Consequently, introduction of GFP-Mfn1
T109A into MARCH5-depleted cells caused a more than 50% reduction in SA-b-Gal staining (P<0.05, Student's t-test; Fig. 6B ). This is the first indication that endogenous levels of Mfn1, but not Mfn2, are controlled by MARCH5 expression, and that the cellular senescence induced by MARCH5 depletion can be abrogated by the lack of fusion activity of Mfn1.
Introduction of Drp1 into MARCH5-depleted cells attenuates the level of SA-b-Gal staining
It was reported that MARCH5 binds Drp1 (Nakamura et al., 2006; Yonashiro et al., 2006) , and more recently that ectopic expression of the MARCH5 RING-domain mutant hinders subcellular trafficking of Drp1 into the mitochondria (Karbowski et al., 2007) . Therefore, Drp1 is another important downstream target of MARCH5. We therefore, introduced Drp1 into MARCH5-depleted cells and assessed transfected cells for reversion of senescenceassociated phenotypic changes. The introduction of wild-type Drp1 into MARCH5-depleted cells significantly reduced the level of SAb-Gal positivity (P<0.05, Student's t-test; Fig. 7A ). By contrast, Drp1 K38A , a GTPase mutant of Drp1, had no effect. Moreover, unlike Drp1, hFis1 overexpression in MARCH5-RNAi cells did not reduce the SA-b-Gal positivity, indicating that Drp1, but not hFis1, acts as a downstream mediator of MARCH5 activity. Close observation of mitochondrial morphology revealed that the addition of Drp1 into MARCH5-depleted cells disrupted the interconnection of mitochondria, whereas Drp1 K38A and hFis1 did not (Fig. 7D,  supplementary material Fig. S4 ). We also assessed the ability of Drp1 and hFis1 to reverse the increase in cellular granularity observed in MARCH5-RNAi cells and found that neither overexpression of Drp1 nor hFis1 reduced the increased cellular granularity (Fig. 7B) . Thus, inhibition of mitochondria elongation suppressed senescence-associated biochemical changes but not cellular changes. Collectively, these data indicate that the aberrant mitochondrial phenotypes in MARCH5-RNAi cells are reversed by ectopic expression of Drp1 and show that the reversion of mitochondrial morphology in MARCH5-depleted cells was accompanied by a reduction in SA-b-Gal activity.
Discussion
In this study, we identify a regulatory role for MARCH5 in mitochondrial dynamics and demonstrate a link between this activity and cellular function in mammalian cells. These data show that the loss of MARCH5 facilitates mitochondrial elongation and interconnection by at least two different mechanisms: (i) suppression of Drp1-mediated mitochondrial fission activity, probably through interruption of Drp1 subcellular trafficking (Karbowski et al., 2007) , and (ii) a marked increase in the steady-state levels of Mfn1. The T109A was detected by immunoblotting using anti-GFP antibody.
resulting highly interconnected reticular mitochondria impose a cellular stress that ultimately triggers cellular senescence. MARCH5 was identified as a mitochondrial ubiquitin ligase that facilitates mitochondrial elongation (Nakamura et al., 2006; Yonashiro et al., 2006) . The authors initially have shown that overexpression of MARCH5 promotes formation of elongated mitochondria. These studies also showed that MARCH5 interacts with hFis1, ubiquitylated Drp1 and Mfn2, and demonstrated that these interactions contribute to the degradation of MARCH5 binding partners (Nakamura et al., 2006; Yonashiro et al., 2006) . Another study, however, reported that MARCH5 has the opposite effect on mitochondrial dynamics, showing that the loss of MARCH5 ubiquitin ligase activity or expression induced abnormally elongated and interconnected mitochondria rather than a fragmented form (Karbowski et al., 2007) . Consistent with these latter results, we also observed that the loss of MARCH5 expression induced formation of highly interconnected and elongated mitochondria (Fig. 1) . This high degree of mitochondrial interconnection might often lead to an uneven subcellular distribution of mitochondria that typically manifested as entangled and perinuclearly aggregated mitochondria (supplementary material Fig. S1 ). Notably, the elongated form of mitochondria induced by MARCH5 knockdown is different from that in hFis1-depleted cells. As we have previously reported, the loss of hFis1 induced highly elongated mitochondria that stretched out uniformly throughout the cytoplasm (Lee et al., 2007) . In MARCH5-depleted cells, a high degree of mitochondrial interconnection could be achieved by both a lack of Drp1 (Fig. 7) , which reduced fission activity, and increased Mfn1 levels (Fig. 5) , which enhanced fusion activity. It has been reported that the elongated mitochondria induced by Mfn1 overexpression often form perinuclear aggregates (Santel et al., 2003) , supporting our observation in MARCH5-depleted cells (supplementary material Fig. S1 ). Molecular mechanisms defective of mitochondria fission activity differ in hFis1-and MARCH5-depleted cells. hFis1 levels in MARCH5-knockdown or MARCH5-RING mutant-expressed cells were not affected and must remain functional, but Drp1 activity at the mitochondria is crippled (Karbowski et al., 2007) . Therefore, on the one hand, in MARCH5-knockdown cells defective of Drp1 activity, ectopic expression of Drp1, but not of hFis1, reversed the cellular phenotypic changes Journal of Cell Science 123 (4) K38A and Myc-hFis1 were determined by immunoblotting. (D) Mitochondria were analyzed by confocal microscopy after staining with MitoTracker Red. Boxed areas are magnified on the right. Scale bars: 10 mm. MARCH5 in mitochondrial dynamics (Fig. 7) . On the other hand, in hFis1-knockdown cells, elongated mitochondria and senescence-associated phenotypic changes were triggered by lack of hFis1 and, therefore, ectopic expression of hFis1 (but not of Drp1) in those cells reversed the cellular phenotypic changes (Lee et al., 2007) . Thus, a balance between mitochondrial fusion and fission activities, rather than specific mitochondria machinery components, precisely controls a variety of different mitochondrial morphologies and cellular phenotypes. Because the steady-state level of Mfn1 in cells is dynamically controlled by endogenous MARCH5 expression, we propose that Mfn1 is a physiologically important target of MARCH5. hFis1, Drp1 and Mfn2 are reported to be major substrates of MARCH5; therefore, ubiquitylation of these target proteins is augmented by overexpression of MARCH5 (Nakamura et al., 2006; Yonashiro et al., 2006) . However, whether the endogenous expression levels of these target proteins are regulated by overexpression or by depletion of MARCH5 in cells has not been demonstrated. Because we did not observe any changes in hFis1, Drp1 or Mfn2 expression in MARCH5-depleted cells (Fig. 5A ), these interactions probably do not significantly affect mitochondrial dynamics at the physiological level. Indeed, we have found that Mfn1 interacts with MARCH5 and that degradation of Mfn1 occurs through a MARCH5-dependent ubiquitylation pathway (Fig. 5B,C) .
As a result of the elongated mitochondrial morphology, the cells lacking MARCH5 experience cellular stress and undergo cellular senescence. Cellular senescence differs from replicative senescence and aging in that it can be induced by different stresses, including telomere shortening, DNA damage and oncogenic hyperactivation (Garinis et al., 2008; Stewart and Weinberg, 2006) . Therefore, cellular senescence is referred to as stress-induced premature senescence. We previously demonstrated that abnormally elongated mitochondria per se, whether derived from lack of fission activity (hFis1 or Drp1 depletion) or enhanced fusion activity (Mfn1 or Opa1 overexpression), trigger stress-induced premature senescence (Lee et al., 2007) . Stress-induced premature senescence shares several biochemical features with replicative senescence (Itahana et al., 2007; Patil et al., 2005) . These include positive SA-b-Gal staining and increased ROS, accompanied by cellular morphological changes (Itahana et al., 2007; Patil et al., 2005) . A significant increase in SA-b-Gal staining accompanied by increased ROS levels in MARCH5-depleted cells (Fig. 2, and supplementary material Fig.  S2 ) clearly indicates that MARCH5 depletion facilitates the formation of elongated mitochondria, which cause cellular stress.
Several lines of recent evidence highlight the importance of posttranslational modifications of regulatory molecules in the control of mitochondrial fusion and fission. Phosphorylation of Drp1 by protein kinase A (PKA) and Cdk1-cyclinB regulates Drp1 fission activity (Chang and Blackstone, 2007a; Chang and Blackstone, 2007b; Cribbs and Strack, 2007; Taguchi et al., 2007) . In addition, sumoylation of Drp1 by conjugation of SUMO1 (small ubiquitinrelated modifier 1) promotes recruitment and stabilization of Drp1 at the mitochondrial scission site, an event that occurs during apoptosis (Harder et al., 2004; Wasiak et al., 2007; Zunino et al., 2007) . Ubiquitylation also regulates the expression levels of proteins that control mitochondrial dynamics through the 26S proteasome pathway and/or generates cellular signaling. In yeast, Fzo1 (Mfn homolog) is degraded following exposure to mating stimuli in a proteasome- (Neutzner and Youle, 2005) and Mdm30-dependent manner (Cohen et al., 2008; Ota et al., 2008) . Here, we demonstrated that steady-state levels of Mfn1 can be controlled by MARCH5. Notably, another mitochondrial E3 ligase, MULAN, was described as a NF-kB activator (Li et al., 2008; Matsuda et al., 2003) . Thus, post-transcriptional modification and ubiquitin-dependent regulation in mitochondria must be central to controlling mitochondrial dynamics, which play an important role in cellular function.
In conclusion, we have shown that the mitochondrial ubiquitin ligase MARCH5 is actively involved in controlling mitochondrial dynamics through regulation of fission and fusion activities. Thus, loss of MARCH5 yielded highly interconnected, elongated mitochondria that triggered stress-induced cellular senescence. An intriguing question is whether MARCH5 expression or activity acts as an upstream regulator to control mitochondrial dynamics under physiological conditions other than senescence, including apoptosis and human diseases that involve mitochondrial dysfunction
Materials and Methods
Cell culture and transfections
Chang and HeLa cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 1% penicillin and streptomycin (GIBCO BRL) in a 5% CO 2 incubator at 37°C. Plasmid DNA transfections were carried out using polyethylenimine (PEI; Polysciences) as previously described (Lee et al., 2007) . Briefly, DNA was mixed with PEI in a ratio of 1:2.5 and incubated in the presence of OPTI-MEM medium for 10 minutes at room temperature. The DNA complex was directly added to cells and incubated for 24-48 hours for transgene expression. For RNA interference, one day after transfection, cells were grown in the presence of 200 mg/ml hygromycin B (Roche Applied Science) for 2 days for selecting transfected cells. Dying cells were removed by brief centrifugation and the surviving cells reseeded on the plates (this time point was designated as day 0) and further grown in DMEM medium containing 30 mg/ml hygromycin B for up to 5 days (Karbowski et al., 2007; Lee et al., 2007) .
RNA interference and plasmids
Silencing of endogenous MARCH5 mRNA was carried out using the short hairpin (sh)-activated gene silencing system as described (Karbowski et al., 2007) . The MARCH5 shRNA plasmids were expressed under the pREP4 vector (Invitrogen) for long-term suppression of gene expression. To generate the MARCH5 expression vector resistant against MARCH5 shRNA, PCR was carried out with MARCH5-YFP as a template using the following primers: 5Ј-TCGAATTCC TGCAGAAG CCA -ATCCTTTA-3Ј and 5Ј-GTGGATCCCGTGCTTC TTC TTG TTCTGGATAATT-3Ј). The resulting DNA fragments were cloned into the EcoRI and BamHI site of MARCH5-YFP and MARCH5
H43W to generate MARCH5-R-YFP and MARCH5
H43W
-R-YFP. Human MARCH5 WT (MARCH5-YFP) and MARCH5 RING mutant (MARCH5 H43W -YFP) cloned into pYFP-N1 (BD Biosciences) expression vector described previously (Karbowski et al., 2007) were used. The hFis1 (Myc-hFis1 and GFP-hFis1) expression vectors were kindly provided by Mark A. McNiven (Mayo Clinic and Foundation, Rochester, MN) and Mfn1 (GFP-Mfn1 T109A ) expression vectors were provided by Magaret T. Fuller (Stanford University, Palo Alto, CA). The shRNAi of MARCH5 was performed as described previously (Karbowski et al., 2007; Lee et al., 2007) .
Immunocytochemistry and confocal microscopy
The cells expressing MARCH5 RNAi plasmid after selection were seeded on coverslips and grown in the DMEM containing 30 mg/ml of hygromycin B. To visualize the mitochondria, 125 nM of MitoTracker Red (Molecular Probes) was added and incubated for 30 minutes. The cells were then fixed with 4% paraformaldehyde solution for 10 minutes and washed with a mixture of PBS and methanol (1:1). The fixed cells were permeabilized with methanol for 20 minutes at 20°C. For double immunofluorescence staining, cells were blocked with 1% bovine serum albumin in PBS for 1 hour at room temperature, followed by incubation with appropriate primary antibodies (anti-hemagglutinin and anti-c-Myc antibodies) overnight at 4°C, and subsequently probed with an Alexa-488-conjugated secondary antibody. For live-cell mitochondria imaging, cells were seeded in a coverglass-bottom dish (SPL Life Sciences, Gyeonggi-Do, Korea) in DMEM containing 30 mg/ml of hygromycin B. Mitochondria were stained with 100 nM of MitoTracker Green (Molecular Probes) for 30 minutes. Images were captured and analyzed using LSM510 confocal microscopy (Carl Zeiss).
Analysis of cellular granularity, ROS, DYm, and mitochondrial mass
Increase in cellular granularity was quantified by analyzing the 90° side-light scatter in flow cytometry (FACS Vantage; BD Biosciences) (Lee et al., 2007) . The change of DYm was determined by quantifying the green fluorescence intensities (representing degree of DYm disruption) after staining with 5 mg/ml of JC-1 (5,50,6,60-tetrachloro-1,10,3,30-tetraethylbenzimidazolylcarbocyanine iodide; Molecular Probes) in 5% CO 2 at 37°C for 20 minutes. Intracellular ROS levels were evaluated by incubating cells with 10 mM of 2Ј,7Ј-dichlorodihydrofluorescein diacetate (H 2 -DCFDA; Molecular Probes) fluorescence dye in 5% CO 2 at 37°C for 20 minutes. Changes in mitochondrial mass were determined by staining mitochondria with MitoTracker Red for 30 minutes. Each indicated day, cell numbers were counted using hemocytometer after trypan blue staining. (C) On day 4, cells were harvested and the lysates (5 g) were assayed for total intracellular ATP level were harvested and the lysates (5 g) were assayed for total intracellular ATP level (Molecular Probe) with a luminometer.
